The hexagonal superconductor SrPtAs exhibits time-reversal-symmetry breaking below Tc, hinting at an unconventional pairing state. Therefore, the symmetry of the underlying crystal is important for the classification of possible gap structures and their mixing. Here, we use the generating point group D 6h of SrPtAs for a comprehensive classification of the gap functions and to construct a tight-binding model. Our work clarifies questions of symmetry and topology in this non-symmorphic material and allows for better comparison with other hexagonal systems.
Introduction
The pnictide superconductor SrPtAs 1) (T c = 2.4K) has attracted attention recently due to the time-reversalsymmetry (TRS) breaking occurring with the onset of superconductivity. [2] [3] [4] [5] [6] [7] [8] [9] [10] Unlike other pnictide superconductors, SrPtAs has a hexagonal crystal structure. This has important consequences for the unconventional superconducting order parameters which can be classified with respect to the irreducible representations of the hexagonal point group and are only allowed to mix within the same representation.
11) A particularly interesting example is the degeneracy of d xy and d x 2 −y 2 which allows for a TRS-breaking (d + id)-wave superconducting state.
4)
SrPtAs crystallizes in the P 6 3 /mmc space group (#194). This space group is non-symmorphic, i.e., some point group operations have to be combined with nontrivial translations to map the crystal onto itself, with a generating point group isomorphic to D 6h . Note that considering a unit cell containing two Pt-As layers with an inversion center in between leads to a point group D 3d ⊂ D 6h . 7) However, focusing solely on this unit cell and its point group misses the symmetry operations in D 6h \D 3d and with it half the irreducible representations. The full symmetry also has to be considered to construct a (tight-binding) Hamiltonian, which is responsible for the gap mixing on a microscopic level.
In this article, we apply a comprehensive symmetry analysis of the superconducting order parameters in SrPtAs using the generating point group D 6h . In section 2 we first elaborate on the symmetry of SrPtAs and discuss a tight-binding model for illustration and to introduce basis functions. In section 3, we use the symmetry to classify gap functions and analyze their intermixing. Finally, we discuss and summarize the resulting gap functions in section 4.
Symmetry and tight-binding Hamiltonian
SrPtAs possesses a hexagonal structure composed of honeycomb Pt-As layers, see Fig. 1(a) , which are spaced by Sr layers. In a single honeycomb layer, the A and B * E-mail address: mark.h.fischer@gmail.com sites are occupied by Pt and As, respectively, such that there is no center of inversion. However, in the neighboring layers, the Pt and As sites are interchanged, and the alternating stacking of the layers results in global centers of inversion between each two neighboring layers. Due to this stacking, the crystal has a non-symmorphic space group. An important consequence of this is that it is not possible to choose a unit cell that possesses the full generating point group D 6h of the system.
To illustrate this property and better understand the resulting spin-orbit coupling and its effects, we here follow Ref. 12 and choose as a starting point a single Pt-As layer, Fig. 1(b) . The point group of such a single layer contains the symmetry operations {E, 2C 3 , 3C 2 , σ h , 2S 3 , 3σ v } = D 3h , in particular it lacks inversion i. The full crystal, however, has a generating point group that is isomorphic to D 6h . While the symmetry transformations of D 3h with respect to the PtAs layer leave the full crystal invariant, the elements of D 6h \ D 3h = {2C 6 , C 2 , 3C 2 , i, 2S 6 , 3σ d } interchange the two distinct layers and thus have to be combined with a translation along the z axis byc = c/2.
Following this construction, we discuss a tight-binding Hamiltonian with 's' orbitals on the Pt sites.
2, 13) Starting from a single layer (with point group D 3h ), the Hamiltonian contains a hopping term on the triangular (Pt) lattice,
where we have introduced the lattice vectors
[see Figure 2 ] and c † ks creates an electron with momentum k and spin s. In addition, there is a spin-orbit-coupling (SOC) term due to the As positions,
with σ i the Pauli matrices acting in spin space. Note that from a symmetry perspective, the hopping term (1) transforms as A 1g in D 6h , while the spin-orbit term (5) transforms as B 1u . In D 3h , however, both transform as A 1g and are thus symmetry allowed here.
To treat the layer staggering of the 3D structure, we divide SrPtAs into two sublattices, namely even and odd layers, respectively.
12) Instead of working in layer space, we fold the Brillouin zone (BZ) in z direction (with respect to stacked layers without staggering) by introducing the operators
where Q = (0, 0, π) (settingc = 1), and Pauli matrices (τ ) acting in {k, k + Q} space (see Appendix). The spinindependent Hamiltonian can then be written as
where the sum k runs over the folded BZ. H kαα consists of a trivial intra-sublattice hopping
Table I. Classification of the Pauli matrices τ a defined in the space {k, k + Q} of the two bands in the folded Brillouin zone. The sublattice refers to even and odd layers.
and an inter-sublattice hopping connecting neighboring layers,
(9) Note the momentum structure due to the fact that Pt sites of neighboring layers do not sit on top of each other [see Fig. 2 ]. Finally, the spin-orbit-coupling term has opposite sign on the two sublattices, reading in this basis
The nature of the τ matrices and their transformation behavior is summarized in Table I and a detailed derivation of the tight-binding terms can be found in the appendix. Note that all the bands resulting from this Hamiltonian are doubly degenerate and S z is conserved. Other spin-orbit-coupling terms that break S z are connected to inter-layer hopping and small, and we will discuss consequences of them later. In terms of symmetry, the Hamiltonian has to transform trivially, i.e., as a scalar, under all the symmetry transformations of the crystal (corresponding to A 1g in D 6h ). This is achieved here through the combination of a momentum and spin part with a τ matrix such that the whole Hamiltonian transforms as A 1g , i.e. ei-
14)
In addition, note that by construction a function with
has to be combined with τ 0 or τ 1 (τ 2 or τ 3 ), respectively.
Gap Classification
A general gap function in the {k, k+Q} basis of Eq. (6) can be written as
and the spin-singlet part ψ a (k) and the spin-triplet part d a (k) can be classified according to the irreducible representations of D 6h . Note that due to the SOC, we have to classify the combined momentum and spin part for the spin-triplet gap functions. For the full classification, we use the same scheme as for the Hamiltonian, namely that gaps transform as R ⊗ R with R the irreducible representation τ a transforms as, i.e. either A 1g or B 1u (Table I) . However, there are two requirements for the gap functions ψ a (k) and d a (k): (1) As noted in the previous section, our construction requires ψ a (k) and d a (k) for a = 2, 3 to change sign under k → k + Q but not for a = 0, 1. (2) The Pauli principle has to be satisfied, requiring that for an even spin-singlet and odd spin-triplet function a = 0, 1, 3 ("triplet in {k, k + Q}"), and a = 2 for odd spin-singlet and even spin-triplet order parame-
{sin kz n ωn cos(tn · k), sin kz n ω * n cos(tn · k)} Table II . Basis functions for ψa(k) in D 6h with ωn = exp(i2πn/3). Note that the table only respects the Pauli principle. In addition, it is required that ψ 3 (k) = −ψ 3 (k + Q).
{ẑ sin kz n ωn cos(tn · k),ẑ sin kz n ω * n cos(tn · k)} 
ters ("singlet in {k, k + Q}").
A list of possible (tight-binding) functions for the spinsinglet functions ψ a (k) respecting the crystals symmetry for the various irreducible representations of D 6h is given in Table II. Table III 
(ω n = e i2πn/3 ), and similarly for the other combinations.
Utilizing Tables II-IV, we can now construct order parameters belonging to any given irreducible representation of D 6h . In the following, we look at some examples for illustration, namely A 1g , B 1u , and E 2g , that have been discussed for SrPtAs 3-9) starting with A 1g : assuming intra-layer coupling, the gap function has a dominant
{x − sin 2kz,x + sin 2kz} {x − sin kz n cos(tn · k),x + sin kz n cos(tn · k)} E 2u {x − n ωn sin(Tn · k),x + n ω * n sin(Tn · k)} 
term of the form
with
A and B are coefficients depending on the pairing interaction and bandstructure. Order parameters with the same symmetry can be mixed in by the Hamiltonian, i.e.,
These include an additional intra-sublattice spin-singlet
a trivial (A 1g ) and a non-trivial (B 1u ) inter-layer spinsinglet
and
as well as an intra-layer spin-triplet gap function
Note that as a result of the intermixing of singlet and triplet gap functions, the resulting order parameter is non-unitary, i.e., ∆∆ † ∝ σ 0 ⊗ τ 0 . In a similar way, the f -wave gap function of B 1u symmetry has a dominant intra-layer part
The additionally allowed term is
an intra-sublattice spin-singlet gap function with
Finally, we look at the (d ± id)-wave order parameter transforming as E 2g . The gap function reads
including an inter-layer (d ± id) spin-singlet gap function
as well as p ± ip gap functions with spin-singlet
and spin-triplet form
Before we finish by discussing the above gap functions we note that the conservation of S z led to a blockdiagonal form of the mean-field Hamiltonian. However, this conservation is not imposed by symmetry. Indeed, we can add an additional SOC term to the Hamiltonian,
This term also allows us to additionally mix in spintriplet order parameters with in-plane d vectors from Table IV . The A 1g and B 1u gap function can have an additional inter-layer spin-triplet gap contribution
withx ± =x ± iŷ. For the B 1u , there is in addition an inter-layer spin-triplet gap function [16] [17] [18] of the E 2g and B 1u pairing states in SrPtAs for a mean-field Hamiltonian without spinorbit coupling, the dominant spin-orbit coupling with Sz conservation, and the full spin-orbit coupling, respectively. The classification in brackets for B 1u corresponds to a time-reversal-symmetrybreaking mixing of the various basis functions.
Similarly, we can add the E 2g and the E 1u gap functions of Table IV with the corresponding τ matrices into the d ± id order parameter.
Discussion and Summary
We finish our analysis by discussing two important properties of the order parameters above, namely their nodal structure and their topological classification. [16] [17] [18] For this purpose, we first only consider the dominant inplane contributions given in Eqs. (15), (22), and (26). In a second step, we will discuss consequences of additional intermixing. As the A 1g order parameter is trivial, we only discuss the E 2g and the B 1u gap functions.
We first consider the B 1u order parameter. A gap of pure f -wave symmetry [ d 15) Note, however, the difference to the p-wave situation on a square lattice: While in the latter cases, two gap functions which are related by lattice symmetries are mixed, the B 1u channel requires either a singlet component or an inter-layer gap mixed in. Both are subdominant and hence there will still be a significantly suppressed gap along lines on the Fermi surfaces around Γ-A. From a topological point of view the 'pure' B 1u gap has a block-diagonal form and belongs to class AIII. Mixing through the spin-orbit coupling conserving S z leaves this classification invariant, while the full spin-orbit coupling of the form (31) destroys the block-diagonal form and leads to an order parameter of class DIII. Finally, a TRS-breaking combination of the various gap functions, which could be realized at a second transition, 19) would lead to classes A and D, respectively (see Table V ).
Due to the mixing of d xy and d x 2 −y 2 basis functions the spin-singlet gap with E 2g symmetry only has symmetry-imposed point nodes, where the lines parallel to z through K, K , and Γ intersect with the Fermi surfaces. The pure d+id gap belongs to class C according to the topological classification. The admixing of a triplet pwave, Eq. (30), then changes the classification to A. This class is trivial in three dimensions, but has a Z classification in two dimensions. For Fermi surfaces with point nodes, such as is the case for SrPtAs, this state is thus a Weyl superconductor. At the point nodes at the BZ boundary, the low-energy excitations can be described as pairs of Majorana-Weyl fermions with a linear spec-trum, that do not mix due to S z conservation.
4) Note, however, that the full spin-orbit-coupling term again destroys the block-diagonal form of the mean-field Hamiltonian, resulting in an order parameter belonging to class D (see Table V) . A direct consequence is that the two linear branches of the Majorana-Weyl spectrum can in principle mix, leading to a more complicated nodal and low-energy structure. The gapless character in the nodal region is, however, still protected, as the two nodes on the same point in momentum space carry an equal topological charge.
To summarize, we have presented a comprehensive symmetry analysis of possible gap functions of SrPtAs. Our results can be used for a thorough analysis of instabilities and response functions such as the spinsusceptibility in this complicated material and can help to determine the intriguing superconducting order parameter in SrPtAs.
